When a liquid droplet containing small solid particles dries on a surface, it leaves behind a characteristic stain of deposited material that is often in the shape of a ring. The mechanism that leads to this non-uniform deposition, known as the "coffee ring effect", arises in a wide range of situations where the contact line of the evaporating droplet is pinned:
1 during the drying process, faster evaporation at the droplet's edge induces a radial capillary flow that replenishes the liquid evaporating there with liquid from the droplet's center; the same flow carries suspended or dissolved material to the edge, where it forms a ring-shaped deposit.
1-3
Recently, these non-equilibrium dynamics, and their control, have garnered a lot of attention because of their fundamental interest and potential applications. 4, 5 The patterns left by a drying droplet on a surface are, for example, of interest for several technological applications, such as printing, coating, thin-film deposition and self-assembly.
6
Although the coffee ring effect is ubiquitous, recent work has shown that its dynamics can be altered and even reversed, for example, by varying the size and shape of the suspended particles, 7-9 by introducing surfactants, 10, 11 by inducing temperature gradients, [12] [13] [14] by changing solvent composition, 15 by exposing the droplet to a controlled homogenous atmosphere 16 or by controlling pinning and contact angles. [17] [18] [19] Several of these factors, in particular, can counteract the outward capillary flows by introducing surface tension gradients in the evaporating droplet that generate recirculating flows, known as Marangoni eddies. 10, 12, 20 Surfactants have proven to be simple but effective additives to generate stable Marangoni flows, although they are often left in the final stain after evaporation. 10, 11 Alternatively, temperature-induced Marangoni flows can be generated by heating the substrate or the upper surface of the droplet. 13, 14, 21 Finally, droplets made of binary mixtures can improve the shape of the final deposit; 15 however these mixtures can also lead to uneven evaporation processes 22, 23 and to the emergence of chaotic Marangoni flows.
24,25
So far, all the approaches proposed to control the dynamics of evaporating droplets rely on altering the intrinsic physical, chemical and geometrical properties of the droplet, of its substrate or of its atmosphere at the very onset of the evaporation process. Once these initial conditions are set, there is little real-time control over the emergence and generation of the flows within the droplet, and thus on the final deposit of the material in it. Only very recently, a degree of local control over Marangoni flows has been demonstrated using laser radiation alone 26 or in combination with light-activated surfactants.
27
Here, we propose a novel mechanism to generate and control Marangoni flows within an evaporating sessile droplet in a deterministic and dynamic way. We use an external point source of vapor to induce a local change in surface tension on the droplet's upper surface, thus allowing the real-time reshaping of the flows within it without altering its temperature and with minimal change in its composition. We further corroborate our experimental observations with simple scaling arguments. Finally, we show how both the onset and strength of this mechanism can be accurately modulated in space and time to pattern a surface with controllable deposits of colloids. Figure 1 : Effect of a vapor point source on the final deposit of an evaporating sessile droplet. (a) Schematic representation of our experimental configuration (not to scale): a sessile droplet containing monodisperse silica particles (white circles) is left to evaporate on a glass substrate (contact angle θ) under a needle containing dry ethanol. The needle is mounted on a three-axis micrometric stage to translate it with respect to the droplet's center and, during the evaporation, it is kept at a controllable distance h from the substrate. When the needle is positioned close to the droplet's upper surface, ethanol vapor induces recirculating Marangoni flows (solid lines) due to a local reduction in surface tension γ (γ 1 > γ 2 ). The arrows on the lines show the direction of the flows. (b-c) Final deposits after evaporation (b) in the absence and (c) in the presence of ethanol in the needle (h = 2 mm). The histograms at the bottom show the corresponding density profile ρ of the deposit along one droplet's diameter as calculated from the image inverted gray scale; to improve the signal-to-noise ratio, these profiles are averaged along the angular coordinate.
Vapor point source
To observe the effect of a vapor point source on the evaporation dynamics of a sessile droplet, we implemented the experimental configuration depicted schematically in Fig. 1(a) within an environmental chamber with controlled temperature, T = 25 ± 0. In the absence of ethanol in the needle, as can be seen in Fig. 1 (b) and in Supporting Movie 1, the coffee ring effect is unperturbed by our system and standard ring-shaped deposits are left after the evaporation process as a consequence of capillary flows. [1] [2] [3] This is no longer the case when ethanol vapor saturates the atmosphere within the needle (vapor pressure P EtOH = 7.83 Pa at T = 25
• C) and diffuses from there towards the droplet's surface, where it induces a local decrease in surface tension γ, i.e. γ 1 > γ 2 ( Fig. 1(a) ). 28 This difference in surface tension between the top and the edge of the droplet drives the formation of recirculating Marangoni eddies towards the areas of higher γ, 10 corresponding to the edge in our case. As can be seen in Fig 
where c 0 = 0.14 Kg m −3 is the concentration of ethanol at the needle's tip (corresponding to P EtOH ), h D = 85 ± 10 µm is the droplet's height and, given the small value of h D , we have assumed a thin-wedge geometry to simplify the calculations. 29 The prefactor 1/2 accounts for the fact that the source can only emit in the lower half space in our experimental configuration. Because of its very fast adsorption dynamics, 30 the concentration of ethanol in water, c W , is approximately the same as in air, and, provided that the mass percentage of ethanol in water is small (< 1%) as in our experiments (Supporting Fig. S2 ), the local surface tension γ(r) on the droplet's surface depends linearly on c W , so that
where γ W = 7.2 · 10 −4 Nm −1 is the surface tension of pure water at T = 25
• C, and β = 3.26 · 10 −4 m 3 s −2 is a proportionality constant. 
center.
10 This directionality is confirmed by the measurements in Fig. 2(a) , which show the radial component, v r , of the flow velocity vectors near the substrate for different values of h as a function of the radial position r and the time from the start of the evaporation.
To obtain these velocity vectors, we analyzed videos of evaporating droplets with particle image velocimetry (PIV). 31 First, the videos' contrast was enhanced using contrast limited adaptive histogram equalization (CLAHE), then PIV was performed on the enhanced videos using PIVlab with an FFT deformation method applied sequentially with 64×64, 32×32
and 16×16-pixel interrogation windows to improve accuracy. 32 Finally, a median filter (5×5 vectors) was applied to the obtained velocity vectors for validation; the vectors were then averaged over 2-s time intervals to further improve the signal-to-noise ratio.
As predicted by Eq. 2 and demonstrated by the data in Fig. 2(a) , the strength of these flows can be reduced by increasing h until, for long distances (h ≥ 3 mm), the standard coffee ring effect takes over very weak Marangoni flows due to its characteristic strengthening towards the end of the evaporation process. 33 As a control, we also verified that only the outwards capillary flows of the coffee ring effect are present in absence of ethanol. Fig. 2(b) shows the final deposits corresponding to the flow velocity maps of Fig h ≤ 2 mm, the flows are the main responsible for the particle's deposition dynamics as the sedimentation velocity v s is mostly negligible compared to their intensity; for h > 2 mm, however, as v s and v r become more comparable, sedimentation starts to play a more tangible role, thus contributing to the formation of larger more uniform deposits, such as monolayers and coffee disks.
As shown in Fig. 2(c) , the order of magnitude of these flows as a function of h can be estimated using Eq. 2 as: Beyond the possibility of modulating their strength with the distance of the point source from the droplet, the emergence of the Marangoni flows can also be controlled in space by laterally offsetting the needle (Fig. 3) , thus shifting the position of the minimum in surface tension. Figure 3 the out-of-plane axis, 24 for different values of the lateral displacement l. The distance of the needle from the substrate was fixed at h = 2 mm to prevent the formation of asymmetric jets, and all maps were obtained 50 s into the droplets' lifetime after the initial transient part of their evaporation due to ethanol accumulation had elapsed. As already noted in Fig. 2 , for no displacement (l = 0), the flow is radially symmetric and pointing inwards to the droplet's center, thus virtually presenting zero vorticity. However, when the vapor point source is displaced towards one of the edges, the flows become radially asymmetric, weakening between the source and the edge and strengthening at the opposite side with increasing values of l. Because of the displacement of the flow stagnation point towards the edge, the asymmetric compression of the flow lines due to the confined geometry of the droplet induces vorticity below the point source whose strength increases with l. Interestingly, the flow stagnation point is not immediately beneath the needle but closer to the droplet's edge as can also be appreciated by the lateral position of the final deposits in Fig. 3(b) . As a consequence of stronger flows and vorticity near the edge, these patterns form closer to the edge and spread more along it when l increases.
Finally, after showing control over the strength and the spatial position of the Marangoni flows, we can apply this mechanism to pattern the substrate in a versatile manner by dynamically modulating the emergence of these flows within the droplet in space and time ( Fig. 4 and Supporting Table 1 ). By moving the point source over the droplet's surface during its lifetime, it is possible to dynamically shift the location of the minimum in surface tension, thus allowing for a near-to-real-time reconfiguration of the flows within the droplet. 2D configuration, (e) a cross, and (f) the letters UCL. All patterning was performed using 1-µL droplets containing a 1-wt% water suspension of 2-µm monodisperse silica particles, except for (f) where a 3-µL droplet of a 1.5-wt% suspension was used. As vapor point source a needle of 80-µm internal radius at h ≤ 0.75 mm was used, except in (a) where a needle of 210-µm internal radius at h = 2 mm was used instead (Supporting Table 1 ). All scale bars correspond to 1 mm. two and three dots in line by sequentially holding the point source at different locations during the evaporation (Supporting Table 1 ). The addition of a second degree of freedom to the in-plane displacement of the vapor point source allows for patterning the three dots in a 2D configuration (Figs. 4(d) ) and, more broadly, to achieve complex 2D shapes (Supporting Table 1 ), such as a cross (Fig. 4(e) ) or the letters UCL (Fig. 4(f) ).
In conclusion, we have proposed a novel experimental mechanism to dynamically control the deposition of particles within an evaporating sessile droplet with an external point source of vapor. In particular, we have demonstrated versatile surface patterning with colloids.
5,34
Our method relies on the deterministic and dynamic control of the emergence and strength of 
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